We analyse the spatial structure of early developmental stages of three ecologically important small pelagic schooling species in the northwestern Mediterranean sea: the anchovy Engraulis encrasicolus, the round sardinella Sardinella aurita, and the sardine Sardina pilchardus. We used data on egg and larval abundance (arranged by development stage), hydrographic data and potential prey biomass collected during 2 cruises in summer and autumn 2005. Our analysis is based on the computation of Lloyd's patchiness index along the ontogeny of early developmental stages, as well as the computation of spatial auto-correlograms and cross-correlograms with environmental variables. The combined analysis allowed to determine the relative role of behavioural traits and the influence of hydrographic conditions in shaping the spatial structure of the 3 clupeiforms. We show that the spawning and developmental strategies of the 2 summer-spawning species (E. encrasicolus and S. aurita) are different. E. encrasicolus has relatively low patchiness for all early developmental stages, while the importance of trophic variables in determining their spatial structure increases along development. S. aurita spawns in a trophically favourable environment and the patchiness of its early developmental stages increases for older larvae, becoming decoupled from environmental variables. The autumn spawned S. pilchardus eggs and larvae showed a development strategy similar to S. aurita, with limited importance of environmental variables in determining their patchiness.
Introduction
A mosaic of biological factors such as fish spawning and feeding, combined with oceanographic features such as ocean circulation patterns and temperature drives the distribution patterns of early life stages (i.e., eggs and larvae) of pelagic species and are responsible for their uneven distribution across the ocean (Lloyd, 1967; Bradbury et al., 2003) . The uneven distribution of individuals results in a low proportion of samples with a high number of individuals and a high proportion of samples with low or zero individuals, usually known as patchiness (Methven et al., 2003) . The spatial pattern of fish eggs and larvae and the persistence of spawning areas are suggested to depend on species, population size and age structure, spawning intensity and characteristic physical scales of the spawning habitat (Curtis, 2004) and are important to the recruitment process (Houde and Lovdal, 1985) . At coarse and meso-scale, spatial patterns result in statistically non-independent samples or spatial autocorrelation (Legendre and Fortin, 1989) .
It is widely accepted that hydrographic physical processes play an important role in the transportation and retention of eggs and larvae of pelagic fish from spawning and to nursery grounds (Shelton and Hutchings, 1990; Pepin et al., 2003; Petitgas et al., 2006) . Especially in older larvae an important role of behaviour has been shown (Maynou et al., 2006; Leis, 2007) . However, the relative importance of hydrographic and behavioural processes (or in general "passive" and "active" mechanisms, following Bradbury et al., 2003) in determining the spatial distribution of early life stages needs to be established for a wider range of species especially at small and coarse scales.
This study focuses on three ecologically important small pelagic schooling species in the western Mediterranean: the anchovy Engraulis encrasicolus, the round sardinella Sardinella aurita, and the sardine Sardina pilchardus. Anchovy and sardine sustain important fisheries in Europe. We examined the spatial structure of early developmental stages of these three species, which are phylogenetically close (clupeiforms) and whose adults inhabit similar ecosystems (pelagic waters over the continental shelf) using ichthyoplankton samples. The three species spawn during different times of the year; anchovy and Sardinella aurita spawn during summer when water is warm and stratified, whereas Sardina pilchardus spawns during autumn-winter when water is cold and mixed (Palomera et al., 2007; Tsikliras and Antonopoulou, 2006) , hence the availability of their eggs and larvae is different. Eggs and larvae of round sardinella and sardine occur over the continental shelf, although those of anchovy have a wider cross-shelf distribution, being associated to waters with continental influence or waters of the shelf-break frontal region (Olivar et al., 2003; Sabatés et al., 2006; Palomera et al., 2007) .
The local circulation in the NW Mediterranean is characterized by a south-westwards shelf/slope current (Font et al., 1995) , roughly following the continental slope, modified by mesoscale events, especially in summer (Arnau, 2000; Salat et al., 2001) . However, where the shelves are wider, as in the southern part of the Catalan coast, where the present study was carried out, there is no well defined circulation pattern, but anticyclonic vortices may develop (Salat, 1996) .
In the present study we assessed the patchiness and spatial structure of early life phases of three small pelagic fishes that spawn in the NW Mediterranean Sea in summer, Engraulis encrasicolus, Sardinella aurita, and autum-winter, Sardina pilchardus, using Lloyd's patchiness index and correlograms. Cross-correlograms between early developmental stages and environmental variables (hydrological and trophic) variables were computed to investigate the role of environmental variables in influencing the spatial structure of the three species.
Method
Two oceanographic surveys were conducted aboard R/V "García del Cid" in summer 2005 (16-22 June) and autumn 2005 (12-18 November) in the Northwestern Mediterranean sea. The sampling period corresponded to the peak spawning period for Engraulis encrasicolus and to the first months of the spawning period for Sardinella aurita and Sardina pilchardus. During the summer cruise 63 plankton hauls were performed and 37 during the autumn cruise. Stations were placed on crossshelf transects perpendicular to the coast line, separated 13 km from each other, while stations within each transect were separated from 4.6 to 9.3 km (Fig. 1) , except at the shelf-break (200 m isobath) and in the western end of the area where, during the summer cruise, a small scale sampling design was applied (0.9 to 1.8 km) to investigate the spatial structure of ichthyoplankton. Oceanographic parameters (i.e., Temperature, ºC; Salinity, psu, and Fluorescence, volt) data were extracted from CTD casts at 5 m depth at each plankton station to define the environmental variables SST (sea surface temperature), SSS (sea surface salinity) and SSF (sea surface fluorescence). Data for current velocity, magnitude and direction were measured during the course of the surveys using a Narrow Band Vessel Mounted Acoustic Doppler Current Profiler (NB VM ADCP), to establish the environmental variables veldir and velmag. Additionally, a water stability index, the Brunt-Väisälä frequency (Mann and Lazier, 1996) , which takes into account acceleration due to gravity, water density and depth, was calculated (environmental variable BV). Meso-and microplankton samples were collected by means vertical hauls using a Calvet net fitted with 0.2 and 0.053 mm meshes. Samples were frozen on board and the organic matter was obtained as ash-free dry mass in order to estimate the biomass fraction available to adults and larvae as trophic resource (OMmeso and OMmicro, ).
The patchiness of early developmental stages was computed using Lloyd's patchiness index (Lloyd, 1967) , following the approach in Maynou et al. (2006) . Basically, this approach assumes that count frequencies of ichthyoplankton stages, showing generally a high proportion of zeroes and a few large values, arise from a negative binomial distribution (Krebs, 1999) . The negative binomial can be described by a mean ( x ) and a dispersion parameter (k). The latter cannot be calculated analytically and we used the maximum likelihood approach of Bliss and Fisher (1953; see also Krebs, 1999, p. 123 and ff. and Methven et al., 2003) . We used bootstrap estimates of k to assess the variance of this parameter (Maynou et al., 2006) .
The spatial auto-correlation structure of the biological variables (abundance of eggs and larvae) and the environmental variables was computed with spatial correlograms (Oden and Sokal, 1986) , using Moran's I coefficient (Moran, 1950) . The correlograms were computed for distance classes of 2, 4, 8, …, 80 km in the summer cruise and 2, 4, 8, ..., 60 km in the autumn cruise. The variable was shown to be autocorrelated at a given distance h if the value of Moran's index significantly departed from the base-line (0 correlation) in the correlogram (p<0.05). The spatial cross-correlation between the hydrographic variables and the ichthyoplankton variables was assessed by computing the spatial cross-correlogram using Mantel's normalized r statistic for the same distance classes (Oden and Sokal, 1986; Legendre and Fortin, 1989) . The significance of both Moran's I coefficient and Mantel's normalized statistic r were assessed by a permutational procedure, using the ncf library of the R package (O. N. Bjornstad, Pennsylvania State University).
Results
Engraulis encrasicolus eggs (n=15790) and larvae (n=25178) appeared in 74% and 98% of the stations. Sardinella aurita eggs (n=8963) and larvae (n=10340) appeared in 45% and 77% of the stations. Sardina pilchardus eggs (n=409) and larvae (n=3130) appeared in 17% and 56% of the stations. We encountered very few post-flexion larvae of S. aurita and S. pilchardus to conduct a meaningful statistical analysis for these later stages.
The evolution of Lloyd's patchiness index for the early life stages of Engraulis encrasicolus, Sardinella aurita and Sardina pilchardus is shown in Fig. 2 . The patchiness for E. encrasicolus early life stages was relatively low across all stages and lowest in the postflexion stage (Fig. 2, top) .
The patchiness of S. aurita eggs was significantly higher than the rest of stages, decreased for yolksac and preflexion stages, and increased again for the flexion stage (Fig. 2, middle) . S. pilchardus showed a relatively low index of patchiness for eggs and increasingly lower values were observed for the 3 larval stages (Fig. 2, bottom) .
The correlograms of E. encrasicolus eggs and yolk-sac larvae (Fig. 3a, 3b ) did not show significant autocorrelation, while preflexion and flexion stages showed increasing significant autocorrelation at scales up to 16 km (Fig. 3c, 3d ). Postflexion larvae showed high autocorrelation at 4 km distance, with significant values up to 16 km distance. Conversely, S. aurita early life stages showed high values of spatial autocorrelation for eggs and yolk-sac larvae at distances of up to 4 km (Fig. 4a,   4b ), while preflexion and flexion larvae showed a low degree of autocorrelation (Moran I values lower than 0.4) (Fig. 4c, 4d ). For S. pilchardus, only flexion larvae (Fig. 5 ) showed significant autocorrelation values up to 4 km distance (Fig. 5d ).
The correlograms of environmental variables for the summer situation (summer cruise) (Fig. 6) show high, significant autocorrelation for SST (16 km, The cross-correlation between environmental variables and eggs of E. encrasicolus (Table I) was low and non-significant for short and mid distance classes, indicating that there is no spatial correlation between these variables and E. encrasicolus eggs. Likewise, yolk-sac larvae showed low values of cross-correlation with environmental variables, and even though Mantel's normalized statistic was significant for some lags the cross-correlation values were always <0.4. For preflexion larvae, the values of cross-correlation became higher and significant for some environmental variables (Table I) : SST (16 km), Veldir (4 km), OMmeso (16 km) and OMmicro (4 km). In the case of E. encrasicolus flexion larvae, the values of Mantel's normalized statistic were high and significant for SST (16 km), SSF (4 km), Veldir (2 km), OMmeso (16 km) and OMmicro (16 km), Table I . In postflexion larvae, the scales of spatial correlation with environmental variables were similar to flexion larvae, but the values of Mantel's normalized statistic were higher, suggesting a stronger forcing of these variables, e.g. SST (16 km), SSF (4 km), Veldir (4 km), OMmeso (16 km), OMmicro (16 km), Table I .
Eggs and yolk-sac larvae of S. aurita (Table II) were significantly correlated with the same environmental variables and at the same scales: SST (12 km), SSF (16 km), Veldir (4 km), OMmeso (16 km) and OMmicro (4 km). However, these cross-correlations with preflexion larvae were non-significant. The cross-correlation values for flexion larvae had much lower values of Mantel's normalized statistic (typically below 0.5 for all distance classes) than for eggs or yolksac larvae and were significant only for some distance classes (Table II) .
There was no spatial cross-correlation between environmental variables and eggs or yolk-sac larvae of S. pilchardus (Table III) , while for preflexion and flexion larvae, only trophic variables showed significant spatial cross-correlation with larval abundance. OMmeso and OMmicro were correlated with preflexion larvae at scales of 4 and 8 km respectively (Table III) , and flexion larvae were spatially correlated with the same trophic variables at scales of 4 km and 2 km respectively (Table   III) .
Discussion
Several studies have shown the relation between spatial patchiness of plankton stages of fish and mesoscale oceanography (Methven et al., 2003; Maynou et al., 2006) , but the importance of the interaction between oceanography and behaviour has also been pointed out for some species or stages (Frank et al., 1993; Bradbury et al., 2003) . The fact that in the present study we dealt with similar species which appear concurrently (summer, continental shelf and surface waters: Engraulis encrasicolus and Sardinella aurita) and in opposite situations (autumn, continental shelf and wider vertical distribution: Sardina pilchardus) offers the possibility of analysing the modulating influence of environmental factors on their spatial structure.
The actual values of patchiness observed for our 3 pelagic species are relatively low, comparable to the values reported by Bradbury et al. (2003) for bottom living species like cunner, sandlance and cod, but much lower than the values reported for the nerito-pelagic capelin. Our values are also comparable to those previously reported for our study area for European hake and sardine (Maynou et al., 2006) or for cod in the NW Atlantic (Methven et al., 2003) .
The usual patchiness pattern of early life stages reported for pelagic species is the "U-shaped" curve, whereby eggs have usually high patchiness indices, representing the spawning aggregations of the adults (Smith, 1973; Matsuura and Hewitt, 1995) . Patchiness of intermediate larval stages is usually low, typically attributed to the effects of passive dispersal, while patchiness of late larval stages is usually higher, as this is often an actively aggregating stage of many species (McGurk, 1987; Frank et al., 1993) . In the early life stages of the three species studied here different patterns were observed even under the same oceanographic situations: The patchiness of E. encrasicolus was relatively low and similar for all early life stages, from egg to postflexion larvae, while S. aurita showed the typical "U-shaped" pattern of patchiness reported for other pelagic species. Considering that both species spawn in similar environmental conditions and that it can be assumed that the finescale spatial distribution of eggs will depend on the spawning aggregation structure of the adults (as the duration of the egg stage at the range of temperatures of the present study is typically less than 48 h, Regner, 1996; Gutiérrez et al., 2002) , our results suggest that spawning aggregations for anchovy were less concentrated than spawning aggregations of round sardinella. Comparisons between patchiness patterns of Sardinella brasiliensis and Engraulis mordax (Matsuura and Hewitt, 1995) also reported less dense spawning aggregations for anchovy.
Curtis (2004), based on spatial correlation analysis, compared the nugget values of the variograms and showed that eggs of the anchovy Engraulis mordax were less spatially structured than eggs of the sardine Sardinops sagax. These results were explained by taking into consideration that more abundant E. mordax may organize in larger schools that create smoother spatial egg distribution than S. sagax, and the same argument, based on the patchiness values obtained here (low for E. encrasicolus and high for S. aurita) can be applied to the pair E. encrasicolus and S. aurita in our study area, because the nugget parameter of a variogram is indicative of the aggregation at distance 0, conceptually analogous to Lloyd's patchiness index.
For S. pilchardus in the autumn cruise, patchiness was higher for eggs than for the early 3 larval stages analysed here. Assuming again that the patchiness of eggs will closely reflect the patchiness of the spawning adults, our results suggest that the spawning aggregations of sardine in autumn are of the same magnitude than the spawning aggregations of anchovy in summer. Nevertheless, after hatching and at preflexion and flexion stages sardine larvae are more dispersed, as already observed for our round sardinella larvae and in other clupeoids. Lloyd's patchiness index for S. pilchardus in our study area was computed by Maynou et al. (2006) for November 1999, reporting a patchiness index for eggs of P = 20, twice as high than the one found here (P = 10); while yolksac, preflexion and flexion larvae had P only slightly higher than the values reported here. This comparison shows that, although the general pattern of U-shaped patchiness for pelagic species holds for sardine between 1999 and 2005, the actual values of P may vary from period to period, especially in eggs, due probably to different population biomass levels in each period and processes affecting food availability to spawners.
To discriminate the possible roles of environment and life strategy in determining the patchiness patterns observed, we analyzed the cross-correlation between early life stages and a set of environmental variables, under the same water mass situation (summer stratification) for E. encrasicolus and S. aurita and under a different water mass regime (well-mixed surface waters after the breakup of the thermocline in autumn) for S. pilchardus. The spatial correlation analysis showed that during the summer cruise some environmental variables (SST, SSS, SSF, OMmeso and OMmicro) were highly autocorrelated, at scales up to 16 km indicating homogeneity of surface water masses. In the autumn cruise, only SST, SSS and SSF were autocorrelated at a smaller spatial scale (up to 8 km), indicating higher spatial heterogeneity of surface waters during this period.
For the summer spawning species, two contrasting patterns emerge, under the same oceanographic situation: Eggs and yolk-sac larvae of Engraulis encrasicolus do not show spatial autocorrelation at the scales analyzed here (2 km and higher), while strong spatial structuring was evidenced for larval stages (preflexion, flexion and post-flexion larvae). Also, the evolution of Lloyd's patchiness index along ontogeny does not show strong variations in patchiness, suggesting that late larval stages are not more dispersed than eggs or yolk-sac larvae. Rather, the increasing importance of spatial structuring by forcing environmental variables (SST, SSF, Veldir, OMmeso and OMmicro) through ontogeny would suggest that larvae actively seek favourable environments for development, as given by high temperatures and abundance of trophic resources, or that this is the result of a higher larval survival rates in these environments.
Contrastingly, Sardinella aurita has strong spatial structuring of the first two life stages (egg and yolk-sac larvae). This suggests that the spatial structure of these stages is conditioned by the spatial structure of the adults (i.e. spawning and feeding aggregations), and their spatial correlation with some environmental variables (especially, SST, SSF, Veldir, OMmeso and OMmicro) suggests that spawners concentrate in areas of high sea surface temperature, and high availability of trophic resources (given by mesozooplankton and microzooplankton) for both adults and larvae at the onset of feeding. The later larval stages are dispersive and do not show neither autocorrelation nor significant cross-correlation with environmental variables, suggesting that environmental forcing is low for late larval phases. This fact together with the increasing patchiness observed for the last larval stage of S. aurita analyzed here, flexion larvae from 9 to13 mm SL, suggests the existence of active aggregation mechanisms prior to metamorphosis and the establishment of schools of juveniles.
Summarizing, our results suggests two contrasting early life history strategies for summer spawning clupeiforms: Engraulis encrasicolus eggs are spawned throughout a relatively wide range of environmental conditions, which produce a type of dispersive pattern (no spatial autocorrelation), and it is the larval stages that actively seek for, or have higher survival in, favourable environments, which originates a higher spatial structuring. Conversely, Sardinella aurita spawns in warm and trophically rich waters, while the larval stages are dispersive and only flexion larval stages actively aggregate. A strategy of spawning in areas of high food availability for the offspring has been already reported for S. aurita (Fréon et al., 1997) , whose early larvae are already voracious predators (Morote et al., 2008) . Early stages of the autumn S. pilchardus show that Lloyd's patchiness index is two-fold higher for eggs than for larvae, while yolksac larvae are dispersive and do not show any cross-correlation with environmental variables, similar to S. aurita. Preflexion and flexion larvae show also low levels of patchiness but their abundance is significantly correlated with the trophic variables OMmeso and OMmicro, suggesting that they actively seek patches of high resource availability or that survival is higher in these trophically-enhanced patches.
The relative roles of active and passive processes modulating spatial structure during early fish development are constrained by their life history strategies, in that higher active contributions are expected in species with demersal eggs, larger larvae, and schooling adults (Curtis, 2004) . In spite of the similarities among the three species studied here (small pelagic species that form adult and juvenile schools we observed that larvae of Sardinella aurita are the first reaching a critical size (at flexion stages) at which active contributions may override advection as the dominant factor in determining spatial pattern (Bradbury et al., 2003) , even if at these same sizes (or developmental stages) neither anchovy nor sardine show aggregating behavior (patchiness). Tables   Table I. Summary of cross-correlogram analysis between early developmental stages and environmental variables (Engraulis encrasicolus, MAS-1). We show r(h), the value of correlation at the last significant lag distance (h); and the p-value. Significant cross-correlation distances were assessed by a permutation procedure of Mantel's normalized statistic (see text). (-) denotes nonsignificant cross-correlation at any distance, or significant cross-correlation r(·)<0.3. 
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